Abstract The metabolism of vegetative organs in plants changes during the development of the reproductive organs. The regulation of this metabolism is important in the control of crop productivity. However, the complexity of the regulatory systems makes it difficult to elucidate their mechanisms. To examine these mechanisms, we constructed model experiments using Arabidopsis to analyze metabolic and gene expression changes during leaf-stage progression and after removal of the reproductive organs. Leaf gene expression levels and content of major amino acids, both of which decreased during leaf-stage progression, increased after removal of the reproductive organs. In particular, the levels of expression of cytokinin biosynthesis genes and cytokinin-responsive genes and the cytokinin content increased after removal of the reproductive organs. Analysis of plants with knockout of a cytokinin-biosynthetic gene (AtIPT3) and a cytokinin receptor gene (AHK3) indicated that glutamate dehydrogenase genes (GDH3) were regulated by cytokinin signaling. These data suggest that cytokinins regulate communication between reproductive and vegetative organs, and that GDH3 is one target of the cytokinin-mediated regulation of nitrogen metabolism.
Introduction
Plants utilize nitrate and ammonium as external nitrogen sources. Ammonium is the final form of inorganic nitrogen before the synthesis of organic nitrogen compounds, and it is assimilated into the glutamine amide group, which is then transferred to 2-oxoglutarate, yielding two molecules of glutamate by the concerted reaction of glutamine synthetase (GS) and glutamate synthase (GOGAT). The two major isoenzymes of GS are located in different subcellular compartments and display non-overlapping roles. In the photosynthetic tissues of many angiosperms, GS2, the plastid-located isoform, is responsible for the assimilation of ammonium derived from nitrate reduction and photorespiration (Ireland and Lea 1999) . GS1, the cytosolic isoform, is the predominant enzyme in roots and nonphotosynthetic tissues and is much less abundant in green tissues (Ireland and Lea 1999) .
GOGAT is present in two distinct forms, one that uses reduced ferredoxin (Fd; EC 1.4.7.1) as the electron donor and one that uses NADH (EC 1.4.1.14). The Fd-dependent enzyme is normally present and highly active in the chloroplasts of photosynthetic tissues, where it is able to utilize light energy as a supply of reductant. The NADH-dependent enzyme, which is present in various plastids, is located predominantly in non-photosynthesizing cells, where reductant is supplied by the pentose phosphate pathway (Bowsher et al. 2007 ).
The major function of GS2 and Fd-GOGAT in chloroplasts is in photorespiratory nitrogen metabolism (Leegood et al. 1995; Lea and Miflin 2003) ; the other GS/GOGAT species are important for normal growth and development (Yamaya et al. 2002; Yamaya and Oaks 2004) .
A third enzyme, glutamate dehydrogenase (GDH; EC 1.4.1.2), catalyzes a reversible amination-deamination reaction, which can lead to either synthesis or catabolism of glutamate. GDH is responsible for the deamination of glutamate under normal conditions (Melo-Oliveira et al. 1996; Masclaux-Daubresse et al. 2006; Skopelitis et al. 2006 Skopelitis et al. , 2007 Miyashita and Good 2008) .
Following the formation of glutamate, the a-amino group can be transferred to a wide variety of 2-oxo acid acceptors to form amino acids, or can be transferred back to form glutamate when 2-oxoglutarate and other amino acids are available. The reactions are performed by the action of reversible aminotransferase (EC 2.6.1.x).
In senescing leaves, a large amount of ammonium is generated as a result of protein and nucleic acid hydrolysis, and it might be directly incorporated into glutamate by GDH and subsequently into glutamine by GS1 (Miflin and Habash 2002) .
Leaf senescence is essential for the development of reproductive tissues, because it is characterized by a transition from nutrient assimilation to nutrient remobilization. Numerous studies have been carried out to define the mechanisms of regulation of leaf senescence, and it is suggested that some hormone signals, such as cytokinin, ethylene, salicylic acid, and jasmonate, and various environmental signals are involved in senescence (BuchananWollaston et al. 2003) . Cytokinins have a particular profound effect on the longevity of plant organs (Gan and Amasino 1995; McCabe et al. 2001) . For example, transgenic plants with increased cytokinin biosynthesis show delayed senescence and increased productivity (Gan and Amasino 1995) . Numerous reports have indicated that cytokinins control nitrogen metabolism (Takei et al. 2004; Sakakibara et al. 2006) , suggesting that the metabolic control of nitrogen and amino acid metabolism by cytokinins is important for leaf senescence and the remobilization of nutrients from source to sink organs.
Cytokinin biosynthesis and signal transduction mechanisms have recently been well characterized (Kakimoto 2003; Sakakibara 2006; To and Kieber 2007; Hirose et al. 2008 ). This information is useful for the analysis of the relationship of cytokinins to leaf senescence. For example, an Arabidopsis mutant with gain-of-function of the cytokinin receptor showed delayed senescence (Kim et al. 2006) , indicating that cytokinin signaling is a key factor in the control of leaf senescence.
The key step in the biosynthesis of isopentenyladenine (iP)-and trans-zeatin (tZ)-type cytokinins is isopentenylation by ATP and ADP isopentenyl transferases (IPTs) (Kakimoto 2001; Haberer and Kieber 2002; Miyawaki et al. 2004; Sakakibara 2006) . Analyses of IPT genes have revealed that AtIPT3, which is predominantly expressed in the phloem, is upregulated by macronutrients such as nitrate, sulfate, and phosphate Takei et al. 2004; Hirose et al. 2008) . Cytokinin application significantly induces or represses the genes encoding macronutrient transporters (Brenner et al. 2005) . The differential regulation of transporter genes by cytokinins and upregulation of IPT genes by macronutrients imply that cytokinins play a key role as a feedback signal to maintain a balance in the acquisition of macronutrients (Hirose et al. 2008) . These previous reports indicate that cytokinins play an important role in nutrient metabolism in the leaves, but the relationship between cytokinin signaling and leaf nitrogen metabolism is unclear.
In monocarpic plants, the reproductive structures often govern the senescence of the whole plant, with especially striking effects on the leaves. In soybean, for example, by the time pod filling is well under way, leaf growth is coming to a close. Removal of the pods before the seeds mature prevents the completion of senescence and death of the plant (Nooden 1980) . In Arabidopsis, the longevity of the whole plant is under correlative control of the reproductive structures (Nooden and Penney 2001) . These reports suggest that metabolic regulation during the progression of vegetative growth is controlled by systems that regulate the source-sink balance.
Our aim in the present study was to examine the mechanisms of regulation of leaf nitrogen metabolism during leaf development. In addition, by analysis of the amino acid contents and comprehensive gene expression data, we investigated the sink-source regulation of leaf metabolism.
Materials and methods

Plant materials and growth conditions
Arabidopsis thaliana L. (Col-0, purchased from Lehle seeds, Round Rock, TX, USA) cultures were grown at a photosynthetically active radiation of 100 lmol m -2 s -1 , a photoperiod of 14:10-h L:D, a temperature of 23°C and 60% humidity, unless otherwise indicated. Plants were grown on rockwool moistened with nutrient solution containing 2.5 mM potassium phosphate (pH 5.7), 2.5 mM NH 4 NO 3 , 2 mM Ca(NO 3 ) 2 , 2 mM MgSO 4 , 50 lM Na-Fe-EDTA, 10 lM NaCl, 70 lM H 3 BO 3 , 14 lM MnCl 2 , 1 lM ZnSO 4 , 0.5 lM CuSO 4 , 10 nM CoCl 2 , and 0.2 lM NaMoO 4 . The nutrient solution was renewed once a week.
Information on plants with knockout of AtIPT3, AHK2, and AHK3 (atipt3-2, ahk2-2, and ahk3-3, respectively) has been given in previous reports (Higuchi et al. 2004; Miyawaki et al. 2006) .
EOL refers to excision of the main stem and axillary shoots above the rosette leaves. The main stem contains the cauline leaves and lateral buds. The axillary shoots contain buds located at the axils of the rosette leaves and small rosette leaves emerging from the axils of the axillary buds (Tatematsu et al. 2005) . Under our growth conditions, plants bolted about 30 days after the seeds had been sown onto rockwool. EOL was performed 7 days after bolting. For the analysis of main vein gene expression, the vein was cut out of the leaf body to a width of about 5 mm, containing the petiole and the cells around the main vein.
Gene expression analysis
For reverse transcription-polymerase chain reaction (RT-PCR), total RNA was isolated from the leaves and main veins, using an RNeasy plant mini kit (Qiagen). First-strand cDNA synthesis was conducted with an oligo(dT)12-18 primer (GE Healthcare) and reverse-transcriptase SuperScript II (Invitrogen). Real-time PCR reactions were performed with an Applied Biosystems Prism 7500 sequence detector. The primers used for real-time PCR were as follows (in parentheses):
0 and 5 0 -GCATTCCTCA GCTTCATTCC-3 0 ), and ACT2 (5 0 -GGTAACATTGTGCT CAGTGGTGG-3 0 and 5 0 -GGTGCAACGACCTTAATCTT CAT-3 0 ). Real-time RT-PCR reactions were performed in duplicate with 0.9 lM of each primer and 1 9 SYBR green PCR master mix (Applied Biosystems) in a 50 lL volume. Relative differences were determined by the DDCt method described by the manufacturer.
Measurement of amino acid content
Amino acids were extracted from leaves in 80% ethanol at 80°C. After evaporation, dried samples were dissolved in 0.02 M HCl. Amino acid content was determined with an L-8800 amino acid analyzer (Hitachi). Briefly, amino acids separated by cation-exchange chromatography were detected spectrophotometrically after post-column reaction with ninhydrin reagent (Noguchi et al. 2006 ).
Labeling of RNA probes and hybridization to an Arabidopsis GeneChip Labeling and hybridization of RNA were performed in accordance with the manufacturer's instructions. Briefly, ATH1 Arabidopsis GeneChips (Affymetrix) were used to measure changes in gene expression levels. Total RNA was converted into cDNA, which was in turn used to synthesize biotinylated cRNA. The cRNA was fragmented into smaller pieces and then hybridized to the GeneChips. After hybridization, the chips were automatically washed and stained with streptavidin phycoerythrin using an Affymetrix Fluidics Station.
Microarray data were extracted from the scanned GeneChip images and analyzed using Microarray Suite (MAS) version 5.0 (Affymetrix). When necessary, the data produced by MAS were exported into Microsoft Excel and further analyzed.
Analysis of GeneChip data
The MAS 5.0 signal was used as the basis for all subsequent analyses. Four independent biological replicates were conducted with the experimental and the reference samples. To identify genes differentially expressed with statistical significance, we used a combined criterion of expression ratios calculated by the averages of signal intensity and Student's t test (P value). Gene transcripts with a ratio of induction of [2 or \1/2 in average signal intensity were regarded as upregulated or downregulated, respectively. Additionally, the expression calls of the MAS 5.0 software (present, P; marginal, M; or absent, A) were computed to give expression classes as follows: upregulated genes were those with an expression call of P in all the experimental samples; downregulated genes were those with an expression call of P for all the reference samples.
Cytokinin measurements
Cytokinins were extracted and purified as described previously (Dobrev and Kaminek 2002) , with minor modifications. Cytokinins were extracted with methanol/ water/formic acid (75/20/5, by volume) containing labeled Planta (2009) 229:633-644 635 internal standards. The extracts were purified by OASIS HLB cartridges (Waters) and an OASIS MCX column (Waters). The cytokinin fractions were analyzed by low diffuse nanoflow liquid chromatography electrospray ionisation tandem mass spectrometry (LC-ESI-MS/MS). The packed nanocapillary columns integrated with nanosprayers were prepared in-house according to the previously reported procedure (Ishihama et al. 2002 ). An Inertsil ODS-3 C18 (3-lm particle size, 100-Å pore size, GL Sciences) was used to supply packing materials. For details, see Supplemental Protocol 1.
Results
Changes in amino acid metabolism during the leaf development processes
In the vegetative stage, plants accumulate sugars and amino acids by photosynthesis and nitrogen assimilation in the leaves. These compounds are reallocated to developing organs and accumulated in the reproductive stages. To elucidate the regulatory mechanisms of amino acid metabolism during the leaf development process, we defined 4-, 5-, and 6-week-old Arabidopsis plants as stages 1, 2, and 3, respectively ( Fig. 1a) , and determined the amino acid contents of their leaves. Freshly emerged and expanded rosette leaves at each stage were selected for the analysis: the 8th and 9th true leaves were sampled in stage 1 and the 14th and 15th true leaves in stages 2 and 3. Under our culture conditions, yellowing-a marker of senescence-was not observed in these leaves.
The contents of major amino acids in the leaf, such as glutamate, glutamine, and aspartate, decreased during leafstage progression (Fig. 1b) . This result corresponded well to those of previous reports (Masclaux et al. 2000; Diaz et al. 2008) . We used this alteration in amino acid profiling in a model experiment to elucidate the regulatory mechanisms of leaf amino acid metabolism.
Effects of removal of reproductive organs on metabolic regulation in leaves
The functions of source tissues in metabolism are regulated by signals released from the reproductive tissues (Nooden and Penney 2001) . We investigated the effect of canceling these signals by removal of the reproductive tissues on metabolic regulation in leaves. In stage 2, all organs above the rosette leaves were cut off and the amino acid contents of the leaves were determined 24 h after cutting treatment. This treatment was termed ''excision of organs above the rosette leaves'' (EOL); details are given in the ''Materials and methods''. For the detail analysis of sink-source regulation, excision of flower or silique is rational, whereas obvious effects were not detected. Then, it was assumed that EOL is better to examine a more dramatic effect inclusively.
The leaf contents of major amino acids had increased by 24 h after excision (Fig. 2a) . The amino acid profile after the EOL treatment was almost the same as that before the bolting stage. There are two possibilities behind this change in the amino acid profile. One is that signals from the source organs affect the regulation of leaf amino acid metabolism. The other is that loss of the transportation 
RBCS-1B/ACT2
Control EOL treatment Control EOL treatment Fig. 2 Changes in leaf amino acid content and expression of RBCS-1B after excision of organs above the rosette leaves (EOL). Stage 2 wild-type plants were treated by EOL, and freshly expanded rosette leaves (two leaves per plant) were harvested at midday 24 h after treatment. The content of major amino acids (a) and of RuBisCO small subunit 1B (RBCS-1B; At5g38430) mRNA (b) in the leaves were determined. Details of EOL and assay methods are described in the text. Values are mean ± SD of three plants destination of amino acids as a nitrogen source simply caused the accumulation of amino acids in the leaves. Therefore, we investigated changes in gene expression to elucidate the possibility of the existence of regulatory mechanisms at the gene expression level. Expression of RBCS-1B, which encodes a Rubisco small subunit and a marker of source activity, was drastically increased by 24 h after EOL treatment (Fig. 2b) . This result suggests that the presence of the reproductive organs affects the regulation of gene expression in the vegetative organs.
Correlation of changes in leaf gene expression between EOL treatment and stage progression
To investigate the mechanisms of the effects of EOL treatment and stage progression, we comprehensively analyzed gene expression using Affymetrix GeneChip technology. In the leaves, genes whose expression levels had changed during the transition from stage 1 to stage 3 and with EOL treatment were selected and plotted based on the ratio of their signal intensity (Fig. 3) . The genes that showed increased (821 genes) and decreased (1,368 genes) expression during stage progression largely showed decreased and increased expression, respectively, after EOL treatment (Fig. 3a) . In addition, the genes that showed increased (1,419 genes) and decreased (681 genes) expression after EOL treatment largely showed decreased and increased expression, respectively, during stage progression (Fig. 3b) . These high negative correlations between stage progression and EOL treatment strongly suggested that the removal of sink organs containing the stems, flowers, siliques, fresh seeds, and young leaves led the gene expression in the rosette leaves to emulate globally that in the leaves of plants at younger stages. The expression of large numbers of DNA-replication-and celldivision-related genes was induced by EOL treatment and decreased during stage progression (data not shown), also suggesting that EOL treatment led to the emulation of a younger leaf-stage. Therefore, to investigate the mechanism of leaf metabolic regulation during leaf development, we took advantage of EOL treatment as part of a model experiment for monitoring metabolic regulation during leaf-stage progression and source-sink communication.
Induction of cytokinin-inducible genes by EOL treatment
Cytokinins are well-characterized plant hormones involved in leaf biological processes such as chlorophyll synthesis, nitrogen metabolism, and senescence (Ferreira and Kieber 2005; Sakakibara 2006 ). Therefore, we focused on changes in the expression of cytokinin-inducible genes. The expression of typical cytokinin-inducible genes (ARR4, ARR5, ARR6, ARR7, and CKX4) was largely induced by EOL treatment and decreased during leaf-stage progression (Fig. 4) . To confirm that these changes in gene expression were regulated by cytokinin signaling, we analyzed the responses in lines with knockout of the cytokinin receptors Fig. 3 Scatter plots of genes induced by excision of organs above the rosette leaves (EOL) and stage progression. Gene expression levels were determined by GeneChip analysis of each sample. Normalized fold expression 24 h after EOL treatment was plotted (x-axis) against the normalized fold expression with stage progression (y-axis; level at stage 3 divided by level at stage 1). Genes of which the expression level was changed by [2 or \0.5 (n = 4, P \ 0.02) by EOL treatment (a), or by [2 or \0.5 (n = 4, P \ 0.05) by stage progression (level at stage 3 divided by level at stage 1) (b) were selected and spotted. Method details are described in the text AHK2 and AHK3 (ahk2-2 and ahk3-3, respectively) (Higuchi et al. 2004) . Because the timing of bolting differed between wild-type plants and the knockout lines (ahk2-2 was late and ahk3-3 was early under our conditions), the number of opened flowers was used as a marker of the developmental stage. Expression levels of the typical cytokinin-inducible genes ARR6 and ARR7 in the knockout lines after EOL treatment were lower than in the wild-type (Fig. 5) . However, in both the wild-type and the knockout lines, the extent of the within-line changes in gene expression between the control and EOL treatments was similar, because the expression levels of these genes were lower in the untreated knockout lines than in the untreated wild-type. Two of three identified cytokinin receptors, AHK2 and AHK3, are expressed in the above-ground tissues (Higuchi et al. 2004) , and it is possible that functional redundancy of these genes decreased the differences between the knockout line and the wild-type after treatment in this experiment.
Cytokinin biosynthesis IPT genes and cytokinin contents
The induction of cytokinin-inducible genes by EOL treatment suggested that cytokinins were newly synthesized after treatment. To confirm the validity of this hypothesis, we determined the expression levels of the genes encoding cytokinin biosynthetic enzymes. The rate-limiting step of cytokinin biosynthesis in Arabidopsis is catalyzed by the ATP/ADP IPTs, Arabidopsis thaliana AtIPT1 and AtIPT4, and by their homologs AtIPT3, AtIPT5, AtIPT6, AtIPT7, and AtIPT8 (Kakimoto 2001; Miyawaki et al. 2004; Takei et al. 2001a ). AtIPT2 and AtIPT9 are thought to function in tRNA maturation or modification (Takei et al. 2001a; Miyawaki et al. 2004 ). As we clearly observed changes in gene expression after EOL treatment in the main vein in our preliminary trials (data not shown), we harvested main veins 2, 24 h after EOL treatment and determined the expression levels of the IPT genes by GeneChip. The level of expression of AtIPT3, which was the highest among the IPT genes in untreated plants, had increased to about 300% of the original, 2 h after EOL treatment (Table 1) . Although the level of AtIPT9, which is thought to function Wild-type and T-DNA insertion lines (ahk2-2 and ahk3-3; Col-0 background) were grown for 5 weeks on rockwool and then treated by excision of organs above the rosette leaves (EOL). Freshly expanded rosette leaves (two leaves per plant) were harvested at midday after 24 h treatment. Expression levels of cytokinin-inducible genes (ARR5, ARR6, and ARR7) were determined by real-time PCR. Assay methods are described in the text. Presented values are mean ± SD of average values of three plants in tRNA maturation or modification, had also increased by 24 h after treatment, the levels of the other genes had not changed markedly.
Induction of expression of the AtIPT3 gene suggested that EOL treatment induced AtIPT3-dependent cytokinin biosynthesis. To investigate the hypothesis that an increase in AtIPT3 gene expression is essential for the induction of cytokinin-inducible genes after EOL treatment, we determined the expression of these genes in the AtIPT3-knockout plant atipt3-2 (Miyawaki et al. 2006) . Although the expression of major cytokinin-inducible genes was induced by EOL treatment in both wild-type and atipt3-2 plants, the expression levels of all three genes in atipt3-2 were markedly lower than in the wild-type (Fig. 6) . These results suggested that AtIPT3 mediates the metabolisms in the source leaves regulated by reproductive structures, but that there are likely to be some other factors involved in this regulation.
To investigate whether induction of the expression of AtIPT3 genes increased cytokinin levels, we measured cytokinin levels in the leaves and main vein of wild-type plant, 5 h after EOL treatment. Levels of the cytokinins tZR, iP, and isopentenyladenosine (iPR) markedly increased in both tissues after EOL treatment (Fig. 7) . Although our low diffuse nanoflow LC-ESI-MS/MS systems did not quantify tZ, which is an active form of cytokinin, because of its low concentration, the induction of expression of the cytokinin-inducible genes and the AtIPT3 gene and an increase in the tZR, iPR, and iP contents indicated that cytokinin biosynthesis was activated after removal of the reproductive structures. Furthermore, the results suggested that the metabolic changes that occurred during leaf-stage progression are controlled by sink organs and are mediated by cytokinin signals.
GDH3 is involved in amino acid biosynthesis downstream of the cytokinin signal
Because we found that cytokinin content increased after EOL treatment, we tried to identify the factors that control leaf amino acid content and are regulated by cytokinin signaling. To select the candidate genes, we screened the genes encoding amino acid biosynthesis from GeneChip data under EOL treatment (Table 2) . Although the expression levels of almost all genes were not affected by EOL treatment, expression of one of the glutamate dehydrogenase (GDH) genes, GDH2 and GDH3, was markedly increased 2 h and 24 h after treatment, respectively. Analysis of the expression levels of GDH3 after EOL treatment in lines with knockout of AHK3 (ahk3-3) and AtIPT3 (atipt3-2) revealed slight increase of expression of GDH3 by EOL treatment in these knockout plants (Fig. 8a) . Cytokinin treatment of the petioles of detached leaves of the wild-type induced GDH3 expression. However, this induction of expression of GDH3 genes in ahk3-3 occurred at very low levels (Fig. 8b) . In contrast, GDH2 was induced by EOL treatment in these knockout plants normally and not induced by cytokinin treatment, indicating that GDH2 is not direct target of cytokinin signal. All of these data indicated that induction of GDH3 expression after EOL treatment is regulated by cytokinin signals, suggesting that GDH3 is a candidate enzyme for the control of cytokinin-mediated leaf nitrogen metabolism during leaf-stage progression.
Discussion
In the vegetative stage, plants assimilate inorganic nitrogen, which is absorbed by the root, by means of the light- energy dependent GS/GOGAT cycle and GDH. Synthesized amino acids, such as glutamine and glutamate, are used to produce other amino acids, proteins, and nucleic acids. In the reproductive stage, these nitrogen compounds are depredated and the amino acids transported to sink tissues. Because the production of GS1 and AAPs, which are involved in whole plant partitioning of nitrogen, is induced in the reproductive stage (Miflin and Habash 2002; Tilsner et al. 2005) , it is possible that expression of the genes encoding these enzymes is affected by the development of sink tissues. In this report, we observed a reduction in amino acid content during leaf-stage progression and an increase in amino acid content after removal of the reproductive structures, supporting these possibilities. The decrease in the contents of major amino acids in the leaves during leaf-stage progression (Fig. 1b) indicated that nitrogen compounds were remobilized to the sink tissues during the reproductive developmental stage. This change in amino acid profiling has been reported previously (Masclaux et al. 2000; Diaz et al. 2008) . Conversely, other reports have shown an increase in leaf asparagine content during senescence (Lin and Wu 2004; Lea et al. 2007) . In these reports, asparagine was a major product of metabolism in senescing leaves, although these studies induced senescence by detachment of the leaf from the plant or by dark treatment, both of which are artificial processes that cancel sink-source communications.
The changes in amino acid profiles after removal of the reproductive structures could result from the loss of the destination for nutrient transport and wounding stress of the plant leaves. However, unlike removal of the reproductive structures, nitrogen supply by the roots did not induce dramatic changes in cytokinin-inducible gene expression (data not shown). Expression of wounding-inducible genes was not induced by EOL treatment (Supplementary Table 1 ). Wounding is generally mediated by jasmonate signals that increase in the senescing leaves (BuchananWollaston et al. 2003) . Expression of almost all genes upregulated after EOL treatment was decreased during leaf-stage progression, indicating that the effects of EOL and jasmonate signaling mediation of the wounding response were independent. This information supported the Wild-type plants were grown for 5 weeks and then treated by excision of organs above the rosette leaves (EOL). Expression levels of major glutamate and glutamine metabolic genes in the main vein after EOL treatment were determined by GeneChip analysis. Experiments were repeated twice independently Planta (2009) 229:633-644 641 hypothesis that the disappearance of some signals from the reproductive organs shifts the source leaves to younger stages in terms of the levels of gene expression and the amino acid profiles. Removal of the reproductive structures induced global changes in gene expression. Expression of many genes normally expressed at higher levels in young leaves than in old leaves, as well as their amino acid profiles, changed to these of a younger stage after EOL treatment. In addition, the cytokinin content increased after treatment, suggesting that signals from the reproductive organs control the cytokinin-mediated metabolism of leaf-stage progression.
In pea (Pisum sativum L.), expression of PsIPT genes and cytokinin biosynthesis in the nodal stem are repressed by auxins and increased after decapitation (Tanaka et al. 2006) . In Arabidopsis, it was possible that removal of the reproductive structures repressed auxin signals in the leaves. To explore this possibility, we examined the effect of auxin treatment by quantifying auxin-inducible gene expression. Expression of AtIPT3 was slightly repressed by auxin treatment (Supplementary Fig. 1) , and auxin-inducible gene expression was not affected by removal of the reproductive organs (Supplementary Table 1) . These results suggested that auxin signals from the apical tissues are not essential in the control of leaf metabolic profiles mediated by cytokinin biosynthesis.
Levels of GDH3 increased after removal of the reproductive structures, whereas in lines with knockout of cytokinin biosynthesis (atipt3-2) and a cytokinin receptor (ahk3-3), upregulation of GDH3 was not observed. These observations suggest that the cytokinin-GDH3 pathway could control amino acid metabolism during leaf-stage progression. Analysis of GDH3-knockout plants led us to confirm that GDH3 is essential for the regulation of leaf amino acid metabolism during development of the reproductive organs.
After removal of the reproductive structures, no differences in amino acid profiles between the wild-type and atipt3-2 were observed (data not shown). The amino acid contents of the source tissues are therefore controlled strictly not only by cytokinin-GDH3 pathways, but also by multiple regulation systems. After EOL treatment of atipt3-2 plants, GDH3 induction disappeared, whereas the expression of many other genes whose expression was induced by EOL and decreased by stage progression was induced (data not shown). These observations indicated that cytokinin signaling is partly involved in the sinksource regulation of gene expression and metabolism. Indeed, some plant hormones, such as ethylene and jasmonate, are known to regulate leaf senescence and its metabolism (Buchanan-Wollaston et al. 2003) , and the amino acid profile is controlled by some metabolic pathway, suggesting that cancellation of the cytokinin signal alone is not sufficient for the complete control of leaf metabolism. We expect that further use of EOL in model experiments will help to identify additional key molecules involved in source-sink regulation.
Cytokinins, whose content is increased by nitrate treatment in the root, function as messengers of nitrogen metabolism (Takei et al. 2001b (Takei et al. , 2004 , whereas cytokinininducible genes that function as regulators of nitrogen metabolism have not been identified. Transgenic plants that express IPT genes under the control of senescence-inducible promoters show delayed chlorophyll degradation and increased productivity (Gan and Amasino 1995; McCabe et al. 2001) . The fact that induction of expression of GDH3 was dependent on cytokinins suggested that the cytokinin signal functions as a regulator of leaf nitrogen metabolism and productivity. GDH (EC 1.4.1.2) catalyzes a reversible Changes in expression levels of glutamate dehydrogenase (GDH3). a Wild-type and ahk3-3 and atipt3-2 plants were grown for 5 weeks on rockwool and then treated by EOL at midday. The main veins (in a ca. 5-mm-wide section containing the petiole) of freshly expanded rosette leaves (two leaves per plant) were harvested 24 h after treatment. b Wild-type and ahk3-3 plants were grown for 5 weeks on rockwool and the freshly expanded rosette leaves were then detached. At the site where the petiole was cut off, detached leaves were treated for 24 h with 20 lM trans-zeatin (tZ); the main veins (in a ca. 5-mm-wide section containing the petiole) were then harvested. Expression levels of GDH3 and ARR7 were determined by real-time PCR. ARR7 is a control gene whose expression is induced by cytokinin. Assay methods are described in the text. Presented values are mean ± SD of average values of three plants reaction for the reductive amination of 2-oxoglutarate to form glutamate in the presence of the cofactor NAD(P)H. Analyses of GDH-mutant plants and incorporation of labeled ammonium in Arabidopsis and tobacco have suggested that GDH catalyses deamination of glutamate under normal or carbon-deficient conditions and amination of 2-oxoglutarate under high salt-or nitrogen-stress conditions (Melo-Oliveira et al. 1996; Masclaux-Daubresse et al. 2006; Skopelitis et al. 2006 Skopelitis et al. , 2007 Miyashita and Good 2008) . In Arabidopsis, there are three NADH-dependent GDH genes (GDH1, At5g18170; GDH2, At5g07440; GDH3, At3g03910). Analysis of mutant (gdh1-1) phenotypes and the expression of GDH1 indicate that GDH1 plays a role in ammonium assimilation under high inorganic nitrogen conditions (Melo-Oliveira et al. 1996) . Analysis of plants with knockout of the GDH1 and GDH2 genes suggests that GDH plays a central role in amino acid breakdown under carbon-deficient conditions (Miyashita and Good 2008) . GDH activity was negligible in both the shoots and roots of 17-day-old double-knockout mutants, suggesting that GDH3 plays only a minor role in these tissues of young plants and under normal growing conditions. Tissue-specific expression analysis by using reporter genes indicates that GDH3, whose expression is low in the leaf, is expressed in the leaf veins. The induction of GDH3 by cytokinin treatment was restricted to within the leaf vein ( Supplementary Fig. 2a, c) . Expression of GDH3 was induced after EOL and cytokinin treatment, and the induction disappeared in atipt3-2 and ahk3-3 plants, suggesting that cytokinins play a role in the regulation of amino acid metabolism by GDH3; as well as in the vein, specific expression of GDH3 was observed in the lateral root primordia (Supplementary Fig. 2b ), suggesting that GDH3 expression is controlled by cytokinins. The contribution of GDH3 to cytokinin-mediated nitrogen metabolism is unclear. Therefore, it will be important to analyze the effect of cytokinin application to the leaves on the phenotypes of GDH3-knockout plants.
In this study, we succeeded in determining that cytokinin synthesis is an important event in the changes induced in the leaf by development of the reproductive organs. However, it is unclear what regulates leaf cytokinin synthesis. Elucidation of the regulatory mechanisms of source activities controlled by sink organs would help to produce useful crops with high productivity.
